Abstract. Endothelin-1 (ET-1) serves an important role in the development of cardiac dysfunction and heart failure. ET-1 and angiotensin II (AngII) comprise a mutually reciprocal signalling network in the myocardium and serve similar or additive roles in the development of heart failure. Our previous study previously demonstrated that AngII upregulated the expression of APN in cardiomyocytes through an AngII receptor type 2/nitric oxide (NO)/cyclic GMP(cGMP)-dependent pathway. The purpose of the present study was to determine the effects of ET-1 and the additive effects of ET-1 and AngII on the gene expression and secretion of APN, and the underlying mechanisms involved. ELISA was used to determine the secretion of adiponectin (APN) and reverse transcription-quantitative polymerase chain reaction was used to evaluate the gene expression of APN. ET-1 induced APN secretion in a time-and dose-dependent manner, and induced APN secretion with AngII simultaneously, as determined via APN mRNA analyses. ETA and ETB receptors were also involved. The use of a NO synthase inhibitor and an analogue of cGMP antagonist resulted in a diminished ET-1-and/or AngII-mediated APN induction in cardiomyocytes. These results suggested that ET-1, as well as AngII, upregulated the gene expression and secretion of APN via the common NO/cGMP-mediated mechanism.
Introduction
A series of complex and severe neurohormonal abnormalities, including increased levels of cardiac and circulating endothelin-1 (ET-1) and angiotensin II (AngII), have been linked to the development of cardiac dysfunction and heart failure. It has been demonstrated that ET-1 and AngII comprise a mutually reciprocal signalling network and exhibit certain reciprocal effects on the myocardium. In previous studies using cultured neonatal rat ventricular myocytes (NRVMs), endogenous ET-1 mediates AngII-induced hypertrophy (1) . The exogenous administration of ET-1 also induced hypertrophic responses in cardiomyocytes (2) . As the predominant receptors on myocytes, AngII receptor type-1 (AT 1 R) and ET type A receptors (ET A R), as well as AngII receptor type-2 (AT 2 R) and ET type B receptors (ET B R), share several common subcellular signalling pathways (3) . As a result of these local positive feedback loops and signal redundancy, the roles of these receptors in chronic processes, including in vivo hypertrophy and cardiac failure, were synergistic or additive.
Adiponectin (APN), a circulating cytokine, has been shown to be produced by adipocytes, skeletal myocytes, endothelial cells, as well as cardiomyocytes, and serves an important role in glucose and lipid metabolism (4, 5) . Numerous previous reports have demonstrated increased APN levels in the peripheral circulation in patients with chronic heart failure (CHF); high plasma APN levels are significant prognostic indicators in these patients (6) (7) (8) . Several previous reports have postulated roles for ET-1 in the regulation of APN production in adipocytes and cardiomyocytes. In cultured human cardiomyocytes, ET-1 has been reported to cause a significant increase in myocyte size and the protein expression of APN (9) . However, the underlying mechanisms remain unknown. It is known that ET-1 can bind to ET B R to stimulate nitric oxide (NO) production, resulting in an increased formation of the second messenger, cyclic GMP(cGMP)-dependent protein kinase. Our previous study demonstrated a concentration-dependent increase in the mRNA expression of APN when NRVMs were exposed to sodium nitroprusside (SNP), a NO donor, as well as a cGMP agonist, 8-Br-cGMP. AngII increased the production of APN in NRVMs through NO/cGMP activation. Cardiomyocyte-produced APN may be the major source of the observed upregulation in circulating APN levels in CHF (10) . Whether ET-1 and AngII serve alternative, additive, or synergistic roles in APN activation via the identical NO/cGMP signalling pathway in NRVMs remains to be elucidated.
The present study sought to address the following: i) Whether ET-1 upregulates APN gene expression and secretion in cardiomyocytes; ii) whether ET-1 and AngII serve additive roles in APN gene expression and secretion; iii) to determine the molecular mechanism underlying the activation of APN in response to ET-1 and AngII. The present results demonstrated that ET-1-induced upregulation of the gene expression and secretion of APN potentially occurs via the ETA and ETB receptors. ET-1 and AngII were additive in the activation of APN. The use of an NO synthase inhibitor (Nx-nitro-L-arginine methyl ester hydrochloride) and an analogue of the cGMP antagonist (Rp-8-Br-CGMP-S) resulted in the diminished additive roles of ET-1 and AngII on APN induction in cardiomyocytes. Primary culture of NRVMs. NRVMs were prepared from ventricles of 1-3-day-old Sprague-Dawley rats, as previously described (10) . Briefly, following digestion in phosphate-buffered saline containing 0.1% trypsin and 0.04% type II collagenase, the cells were centrifuged at 320 x g at 37˚C for 5 min and suspended in DMEM containing 15% fetal calf serum (FCS). The cells were pre-seeded and cultured for 2 h to eliminate non-myocardial cells. Non-attached cells were seeded at 1x10 6 cells/cm 2 in the same medium as above. Following incubation, the cells were washed and the medium was replaced with DMEM containing 0.5% FCS for 24 h prior to each experiment.
Materials and methods

Materials
ELISA. Following various treatments, the medium was collected and stored at -80˚C for future use. APN contents in the samples from the same set of experiments were determined using an ELISA (R&D Systems, Inc., Minneapolis, MN, USA), according to the manufacturer's protocol.
Reverse transcription-quantitative polymerase chain recation (RT-qPCR).
The total RNA was extracted from the cells using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. cDNA was synthesised using a TaqMan RT kit (Applied Biosystems; Thermo Fisher Scientific, Inc.). The qPCR was performed using the following reaction: 1X gene master mix and 1X APN primer and probe mix (cat. no. Hs00152932 m1; Applied Biosystems; Thermo Fisher Scientific, Inc.) in 25 µl reactions in a 96-well plate. The reactions were performed in duplicate for each sample. The plate was then placed in an ABI Prism 7500 Sequence detection system (Applied Biosystems; Thermo Fisher Scientific, Inc.). PCR cycles were performed 40 times using a three-step cycle procedure (denaturation at 94˚C for 30 sec, annealing at 58˚C for 30 sec and extension at 72˚C for 30 sec), following the initial stage at 96˚C for 4 min. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) RNA (Applied Biosystems; Thermo Fisher Scientific, Inc.) was used as the endogenous control. For the comparison of APN with GAPDH RNA, the cycle threshold value was analysed (Cq) using the 2 -ΔΔCq method (11) . The data were subsequently reported as the fold-change compared with the control. The primer sequence for APN was as follows: Sense, 5'-GCCGTT CTCTTCACCTACGA-3' and antisense, 5'-TGGTCTCCC ACCTCCAGAT-3'.
Statistical analysis. The data are presented as the mean ± standard error of the mean. Group mean values were compared using a one-way analysis of variance, followed by Tukey's multiple comparison test, where appropriate. Statistics were performed using GraphPad/Prism 5 software (GraphPad Software, Inc., La Jolla, CA, USA). P<0.05 was considered to indicate a statistically significant difference.
Results
ET-1 upregulates APN secretion and exerts additive effects with AngII on APN secretion in NRVMs.
To determine effect of ET-1 and AngII on APN secretion, NRVMs were treated with ET-1 for 24 h and the released APN in the medium was measured. As shown in Fig. 1A , ET-1 upregulated the secretion of APN, reaching a maximum of 10 nM from 1.0-6.52±0.52-fold induction (P<0.01; n=4). When compared with ET-1 alone, the combination of ET-1 and AngII simultaneously induced higher levels of APN (between 2.31±0.23 and 9.98±0.77-fold induction; P<0.01; n=4). Similarly, an additive effect of between 10 nM AngII and varying concentrations of ET-1 on the release of APN was also observed (Fig. 1B) . Since the maximal effect was observed at 10 nM ET-1 and 10 nM AngII, these concentrations were used throughout the present study. Additionally, the time-dependent effects of ET-1, and a combination of ET-1 and AngII also demonstrated the additive effect on APN secretion (Fig. 1C) .
ET-1 upregulates APN gene expression and exerts additive effects with AngII on the gene expression and secretion of APN in NRVMs.
Since the secretory process of APN in adipocytes is likely to be subject to its gene expression, the enhancing effect of ET-1 on APN secretion in NRVMs is most likely also due to augmented gene expression. To assess this, a transcription inhibitor (actinomycin D) was used. As shown in Fig. 2A , in the presence of actinomycin D, the enhancing effect of ET-1, AngII and ET-1 plus AngII was inhibited by ~95, 92 and 82%, respectively, suggesting that the primary target site of regulation by ET-1 and AngII is the APN gene.
To further determine whether the gene expression of APN is similarly enhanced by ET-1 and AngII, the cells were treated with ET-1, AngII and a combination of both, and were subsequently evaluated using RT-qPCR. As shown in Fig. 2B , the mRNA expression of APN was augmented by ET-1 and AngII in an additive manner.
ET A R and ET B R as well as AT 2 R were all involved in the effect of ET-1 and AngII on APN gene expression.
Although it was previously demonstrated that AngII upregulated the expression of APN in NRVMs via the AT 2 R and that ET-1 downregulated APN gene expression via the ET A R activation in 3T3-L1 adipocytes, the additive effects of ET-1 and AngII on APN secretion may not be mediated by the same receptor. Since the additive effect of ET-1 and AngII is predominantly attributable to their effects on APN gene expression, the present study employed the gene assay to assess which ET and AngII receptor was involved; this was performed using BQ610 and BQ788, which are selective antagonists for ETA and ETB receptors, as well as telmisartan and PD123319, which are selective antagonists for AT 1 and AT 2 Rs, respectively. As shown in Fig. 3 , AngII-stimulated APN gene expression was inhibited by PD123319 (P<0.01, n=4) and telmisartan had a non-significant effect. ET-1-stimulated gene expression of APN was inhibited by BQ610 (P<0.01, n=4) and BQ788 (P<0.01, n=4). Regarding the gene expression in response to a combination of ET-1 and AngII, BQ610, BQ788 and PD123319, a significantly reduced response was observed. The AT 1 receptor was not involved. Using the difference between the increase in gene expression in response to ET-1 plus AngII [(ET-1 + AngII)-(control)] and the sum of the increases caused by ET-1 [(ET-1)-(control)] and AngII [(AngII)-(control)] alone as an index to estimate the additive effect, it was revealed that BQ610 and BQ788, as well as PD123319, inhibited the additive effect by 67 (P<0.01, n=4), 91 (P<0.01, n=4) and 80% (P<0.01, n=4), respectively. Therefore, it appears that the additive effect of ET-1 and AngII on APN gene expression was mediated by ETA and ETB, as well as AT 2 Rs. The ETB receptor may serve a major role.
ET-1 and AngII upregulate the gene expression of APN via the activation of NO/cGMP.
To test the hypothesis that the NO/cGMP pathway serves a role in the additive effects of ET-1 and AngII on APN gene expression, NRVMs were pre-incubated for 1 h with either L-NAME (10 -3 M) or Rp-8-Br-cGMP-S (10 -5 M), and were then co-incubated with the same inhibitor, as well as 10 -7 M AngII and/or ET-1 for a further 24 h. As shown in Fig. 4 , L-NAME or Rp-8-Br-cGMP-S alone had no effect on the basal mRNA expression of APN; both AngII and ET-1-stimulated APN gene expression was inhibited by L-NAME and Rp-8-Br-cGMP-S, respectively (P<0.01, n=4). Regarding the gene expression in response to a combination of ET-1 and AngII, both L-NAME and Rp-8-Br-cGMP-S significantly reduced the response. Using the difference between the increase in gene expression in response to ET-1 plus AngII [(ET-1 + AngII)-(control)] and the sum of the increases caused by ET-1 [(ET-1)-(control)] and AngII [(AngII)-(control)] alone as an index to estimate the additive effect, it was calculated that L-NAME and Rp-8-Br-cGMP-S inhibited the additive effect by 87 (P<0.01, n=4) and 91% (P<0.01, n=4), respectively.
Discussion
The major finding of the present study was that ET-1 upregulated the gene expression and secretion of APN in NRVMs, and the NO/cGMP/PKG signalling pathways mediated this upregulation. ET-1 and AngII caused and additive effect on APN activation.
The APN secretion data in the present study are compatible with those in a previous report in 3T3-L1 adipocytes (12) . The authors reported that treatment with ET-1 for 4 h induced the significant stimulation of APN secretion; however, this effect was lost after 8 h of treatment. In another previous study in 3T3-L1 adipocytes (13), ET-1 exposure for 24 h led to lower levels of APN secretion compared with the relative control. This different secretion response between NRVMs and 3T3-L1 adipocytes may be due to the different cell type.
Recently, Yin et al (14) suggested that plasma ET-1 and APN increased with the severity of heart failure. APN protein is upregulated in cardiac tissue and is correlated with increased serum concentrations of ET-1, the incubation of HCM with ET-1 significantly increased the protein expression of APN in a time-and dose-dependent manner. However, the possible mechanism responsible for the action of ET-1 was not discussed. The present study revealed that ET-1, acting via ET A R and ET B R, upregulated APN gene expression. Selective antagonists of ET A R, ET B R, BQ610 and BQ788 decreased the mRNA expression of APN via inactivation of the NO/cGMP/PKG pathway, since its effect was prevented through the incubation of the cells with the NOS inhibitor, L-NAME, and cGMP antagonist analogue, Rp-8-Br-cGMP-S.
Skurk et al (15) reported that APN is expressed in the hearts of patients with dilated cardiomyopathy (DCM), independent of their plasma levels; there is a local paracrine cardiac APN system involved in the pathogenesis of DCM. Cardiomyocyte-derived APN may have a paracrine effect on the cardiovascular system; APN serves a protective role in suppressing the development of cardiac hypertrophy and inhibits cardiovascular disease progression (16) . It is very likely that upregulated ET and AngII in CHF induced cardiac APN expression, exerting its protective effects on the cardiovascular system and increasing the levels of APN in the peripheral circulation.
ET-1 and AngII serve important roles in the structural and electrical remodelling of the myocardium. They compose a mutually reciprocal signalling network in the myocardium and have certain reciprocal associations at the receptor level. AngII has been reported to upregulate the expression of ET B R via the AT 1 R (17). Although our previous study (10) demonstrated that AngII upregulated the expression of APN in NRVMs via the AT 2 R, the present study demonstrated that selective antagonists for ET A R and ET B R, as well as AT 2 R diminished the additive roles of ET-1 and AngII on APN activation, indicating that at the receptor level, ET-1 and AngII have a mutually reciprocal association that indirectly activates the NO/cGMP/PKG signalling pathway.
In conclusion, the present study demonstrated that ET-1 upregulated the gene expression and secretion of APN in NRVMs, and that ET-1 and AngII serve additive roles in APN activation in NRVMs through the common NO/cGMP/PKG signalling pathway. Future studies will focus on the evaluation of how APN affects the heart and how APN can be used as a therapeutic treatment for heart disease.
